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ABSTRACT 
 
The Effects of Alcohol, and Age on Astrocytes in Female Rats Following an  
 
Inflammatory Stimulus (May 2006) 
 
Ashley N. Simpson 
Department of Biology 
Texas A&M University 
 
Research Advisor:  Dr. Farida Sohrabji 
Department of Neuroscience and Experimental Therapeutics 
 
 
 
Astrocytes are an important support cell within the central nervous system and are 
an integral part of the blood brain barrier.  They participate in inflammatory processes in 
the brain and may also be influenced by alcohol and age.    Thus, the objective of this 
research was to determine the relationship between alcohol and age following a 
lipopolysaccharide-induced (LPS) insult in astrocytes derived from young adult and 
reproductively senescent female rats. 
To understand the effects of age on astrocytes, primary cultures were derived 
from reproductively-competent young adult female rats or reproductively senescent 
female rats.  The reproductive senescent females are physiologically similar to human 
menopause.  Thus, our aging model is based on ovarian, not chronological, age. 
In this study, LPS increased both nitric oxide production and matrix 
metalloproteinase 9 (MMP-9) activity in young adult and reproductive senescent-derived 
astrocytes.  Matrix metalloproteinases are enzymes that degrade extracellular matrix 
(ECM) molecules in which cells adhere within the brain.  Degradation of the ECM allows 
for cell migration, but prolonged activation can potentially lead to blood brain barrier 
degradation.  In young adult-derived astrocytes, LPS increased MMP-9 and this was not 
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affected by ethanol.  However, in reproductive senescent female-derived astrocytes, the 
LPS induced increase in MMP-9 was exacerbated in the presence of ethanol.  
Interestingly, in astrocytes derived from young adults and reproductive senescent females 
ethanol had no effect on the LPS-induced increase in nitric oxide (NO). 
Inflammation is a necessary process for the brain to fight infection or viruses and 
to remove cellular debris following injury.  Prolonged inflammation, however, can lead 
to neurodegeneration.  This data suggests that, in female adult rat astrocytes, LPS is able 
to stimulate NO in the presence or absence of ethanol.  However, matrix 
metalloproteinase activity may be differentially regulated in these two physiologically 
distinct female populations.  Thus ethanol may potentially have a more detrimental 
impact on the mobility of astrocytes and on the blood brain barrier in the aging brain. 
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NOMENCLATURE 
 
 
LPS      Lipopolysaccharide 
 
MMP-9     Matrix Metalloproteinase Nine 
 
MMP-2     Matrix Metalloproteinase Two 
 
GFAP      Glial Fibrillary Acidic Protein 
 
iNos      Inducible Nitric Oxide Synthase 
 
ECM      Extracellular Matrix 
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CHAPTER I 
 
 
INTRODUCTION1 
 
 Aging is a natural process that affects the functionality of the brain.  In females, 
advancing age is accompanied by a subsequent decline in hormones such as estrogen, 
which signals the onset of menopause.  This loss of hormone can have a significant 
impact as estrogen has been shown to be neuroprotective following ischemia [31,12] and 
excitotoxic brain injury [34].  For instance, in young adult female rats, estrogen 
attenuated the pro-inflammatory cytokine interleukin-1beta (IL-1b) following an 
excitotoxic injury but exacerbated IL-1b in reproductive senescent female rats [26].  In 
this study, we compared the effects of ethanol on two physiologically distinct female 
populations, young adult, reproductively competent, normal cycling females and 
reproductive senescent female rats.  The reproductive senescent female rats are not 
chronologically aged but are characterized by their reproductive status (see experimental 
methods, animals).  In essence, the reproductive senescent females mimic aspects of 
human menopause.  Estrogen administered at the time of menopausal onset can be 
beneficial to the health of the female and may reduce the risk of neurodegenerative 
disorders such as Alzheimer’s and help prevent cognitive decline [32]. 
Within the central nervous system, glial cells such as astrocytes actively help with 
the growth and maintenance of neurons.  Research has shown that astrocytes play an 
important role in synaptic repair [29], plasticity [29], and particularly, inflammation.  
Astrocytes are an important component of the blood brain barrier and are known to 
                                                 
1 This thesis follows the format of Neurobiology of Aging. 
 2
increase in activity by increasing expression of GFAP during normal aging [29].  GFAP 
is an astrocyte specific intermediate filament that increases in expression during aging 
[6,36] and following neurodegeneration [13].  Since astrocytes play an important role in 
the process of inflammation within the central nervous system, they are a prime target for 
research.  How astrocytes adapt to the natural aging process is an area that is not well 
understood. 
 Ethanol consumption has been known to cause damage to the central nervous 
system [25], compound the risk for breast cancer [33] and affect osteoporosis [35] in 
post-menopausal women.  The combination of increased ethanol consumption and aging 
could be potentially damaging to the brain especially following injury.  Current research 
in astroglial cultures has shown that acute ethanol exposure disrupts inflammatory gene 
expression [10] and induces pro-inflammatory responses [10].  One important effect of 
ethanol on inflammation in astroglial cells is that it enhances the production of the 
transcription factor NF-kB via cytokines [10].  NF-kB is a key transcription factor that 
promotes transcription of several inflammatory markers, particularly inducible nitric 
oxide synthase (iNOS) [40], which is the enzyme that produces nitric oxide.  Nitric oxide 
is an inflammatory marker produced by astrocytes and microglia in response to injuries in 
the central nervous system. 
 The objective of this research was to determine if alcohol interacting with age 
affects the inflammatory response to LPS in astrocytes derived from reproductive 
senescent and young adult female rats.  Alcohol and age are important factors to study 
because they can directly affect how the brain responds to inflammatory insults. 
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CHAPTER II 
 
 
EXPERIMENTAL DESIGN 
 
 Animal Model: The study employed an established animal model routinely used 
in the laboratory [16].  This animal model consisted of two separate age groups.  The 
young adult age group is designed to mimic normal cycling females that produce 
estrogen naturally.  The female rat estrous cycle consists of four stages: proestrus, estrus, 
metestrus and diestrus.  Normal cycling females complete one menstrual cycle every four 
to five days.  Since these females cycle regularly, they are considered reproductively 
competent and are approximately three to 4+ months in age [26].  The reproductive 
senescent group is designed to model post-menopausal females.  The reproductive 
senescent females, are nine to twelve months in age, were previously reproductively 
competent, and must have subsequently had at least two reproductive failures [16].  Rats 
normally transition from the normal four day cycle to state of constant estrus and then 
finally end in a state of constant diestrus [20].  Daily vaginal smears were taken to 
determine cyclicity/acyclicity in young adult and reproductive senescent animals.   
All female rats were purchased from Harlan Laboratories (IN) and were given 
food and water ad libitum.  The animals were maintained in an AALAC-approved facility 
and all procedures were in accordance with NIH and institutional guidelines governing 
animal welfare. 
 Primary Cultures: Primary astrocytes were extracted from the olfactory bulb of 
the young adult and reproductive senescent female rats.  The cells were cultured for ten 
days in serum containing medium that supports astrocyte growth ([1:1] DMEM:F12 
medium, 4.6 g/mL glucose and 10% fetal bovine serum).  The cells were fed every 3 to 4 
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days for the first 10 days.   At day 10, astrocytes were re-plated at 50,000 cells per well, 
in 24-well tissue culture dishes coated with poly-D-lysine (50 µg/mL).  The cells were 
switched to a non-serum containing media (Phenol-free Neurobasal medium, 0.50 mM L-
glutamine, 1X N2 supplement) and cultured for 6 additional days.  The cells were treated 
with ethanol (70 mg/dL) and LPS (10 ug/mL) according to the treatment groups specified 
in Table 1, 24h prior to harvesting.  The low dose of 70 mg/dL represents the blood 
alcohol content of a light social drinker [1].  After a twenty-four hour treatment period, 
the astrocyte-conditioned media was collected and stored at -20 oC.  The cells were 
processed for immunohistochemistry. 
 
 
 
 
 
 
 
 
 
Immunohistochemistry: In this study immunohistochemistry was utilized in order 
to determine the homogeneity of cells within the dish.  Cultures were washed in 1X 
phosphate-buffered saline (dPBS, Invitrogen, CA) and fixed for one hour in 2% 
paraformaldhyde.  The cells were labeled with the glial fibrillary acidic protein (GFAP, 
1:80, Chemicon, CA), an astrocytic marker, and the nuclear stain Hoescht (1:500).  Alexa 
Fluor 594 (1:2000, Molecular probes, CA) was used to visualize the GFAP labeling.  One 
set of cells was exposed to the secondary antibody only to ensure that the staining was 
specific for GFAP.  In this study, most of the cells labeled for GFAP indicating that they 
were astrocytes (Fig. 1). 
Control: Media only
Control + LPS: Media + LPS (10 μg/mL)
Control + EtOH: Media + Ethanol (70 mg/dL)
Control + LPS + EtOH: Media + LPS(10 μg/mL) + Ethanol (70 mg/dL)
Table 1. Treatment Paradigm
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Young adult Reproductive Senescent
Figure 1: Primary astrocyte cultures from the olfactory bulb of young adult females stained for GFAP.
Primary astrocyte cultures derived from young adults and reproductive senescent females  were stained with the 
antibody to GFAP (b, red labeling), an astrocytic marker and Hoescht nuclear stain (a, blue labeling). Image (c) 
was taken with a filter that recognizes both GFAP and Hoescht.  Images were captured with a 40X objective. The 
second column is the negative stain.
A
B
C
 
 
 
Astrocyte-Conditioned Media Analysis: Three inflammatory markers analyzed in 
this study were nitric oxide, MMP-9, and MMP-2.  These inflammatory markers were 
measured in astrocyte-conditioned media.  Nitric oxide is an important inflammatory 
mediator and the production of nitric oxide indicates that the LPS treatment was effective 
in stimulating an inflammatory response.  This was analyzed by an ELISA assay 
(Cayman Chemical, MI).  Matrix metalloproteinase lytic activity was measured in media 
using gelatin zymography. 
 Statistical Analysis: All statistical analysis was performed using a two-way 
ANOVA (dependent variables=LPS treatment and ethanol), using the software package 
SPSS® 11.0.  Group differences were considered significant at p<0.05. 
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CHAPTER III 
 
 
NITRIC OXIDE 
 
Nitric oxide is an important inflammatory mediator that is present within cultures 
after stimulation with lipopolysaccharide.  Nitric oxide may also play a key role in 
biological aging as its concentration within the central nervous system increases with age 
and excessive levels can lead to neurodegeneration [18].  Since nitric oxide participates in 
inflammatory events as the brain ages, this study focused on nitric oxide and its role as an 
inflammatory marker. 
A potential mechanism by which ethanol could affect the inflammatory cascade in 
the central nervous system is suggested by a recent study.  In astroglial cells, ethanol was 
shown to increase NF-kB activity [10].  NF-kB activates many genes, particularly 
inducible nitric oxide synthase (iNOS), which is responsible for synthesizing nitric oxide 
present within the central nervous system and in response to injuries [7]. 
To measure the concentration of nitric oxide in the astrocyte-conditioned media, a 
colorimetric ELISA assay was used (Cayman Chemical, MI).  Nitric oxide by nature is 
very reactive and is difficult to measure directly.  Thus, this assay measures the 
concentration of nitrates and nitrites as they are the stable by-products of nitric oxide 
metabolism.  Established laboratory procedures [17] and manufacturer’s 
recommendations were followed. 
Analysis of the astrocyte-conditioned media revealed that within the young adult 
treatment group, lipopolysaccharide (LPS) increased nitric oxide levels (Figure 2).  This 
was also true for the reproductive senescent females (Figure 3).  Furthermore, LPS 
significantly increased nitric oxide in the presence and absence of ethanol (Figure 2,3). 
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Figure 3: Nitric oxide expression following LPS 
treatment in astrocytes derived from reproductive 
senescent females.  It is evident that LPS is increasing 
nitric oxide levels in the control and ethanol treated 
cultures. a=main effect of LPS, * indicates significant 
differences between treatments at p<0.05.  
LPS=lipopolysaccharide (10mg/mL), EtOH = ethanol 
(70mg/dL) 
The LPS-induced increase in nitric oxide suggests that both young adult and reproductive 
senescent females show a normal inflammatory response [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
However, contrary to what was observed in the study by Blanco et.al. (2004, 
2005) and Davis & Syapin (2004), ethanol alone had no affect on nitric oxide production.  
The origin of the astrocytes, the timing of treatment and the ethanol dose may explain the 
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Figure 2: Nitric oxide expression following LPS 
treatment in astrocytes derived from young adult 
females.  It is evident that LPS is increasing nitric 
oxide levels in the control and ethanol treated cultures. 
a=main effect of LPS, * indicates significant 
differences between treatments at p<0.05.  
LPS=lipopolysaccharide (10mg/mL), EtOH = ethanol 
(70mg/dL) 
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differences.  In human A172 astroglial cells ethanol treatment resulted in increased 
protein expression of NF-κB following acute ethanol exposure [10].  As stated 
previously, NF-kB is the transcription factor required to transcribe the gene responsible 
for NO production [7].  In prenatal astrocyte cultures, a similar treatment regime resulted 
in increased expression of the inflammatory cytokine receptor, interleukin-1 beta 
receptor, NF-κB and a subsequent increase in iNOS [5] and cyclooxygenase 2 (COX-2) 
[4].  In both aforementioned studies, a 50mM dose of ethanol was used to generate the 
inflammatory response needed to increase iNOS activity.  Further, Blanco et al. (2005) 
reported that an ethanol concentration of 10-50 mM was sufficient to stimulate the 
signaling response.  The concentration of ethanol in our study was comparable to the 
lower concentration of ethanol (approximately 10-15 mM) used in the Blanco et al. 
(2005) study and our time points were also comparable.  Thus, it is possible that adult rat 
astrocytes respond differently than human astroglial cells or prenatal astrocytes cultures. 
It is also possible that in female rat astrocytes, ethanol affects other physiological 
events unrelated to nitric oxide.  Research has shown that acute ethanol treatment inhibits 
the function of N-methyl-D-aspartate (NMDA) receptors causing an increase in 
glutamate-induced cytotoxic responses [11].  This in turn, can cause neuronal cells to 
become sensitive to excitotoxic insults and lead to ethanol-induced brain damage [14].  In 
addition to inhibiting NMDA receptors, ethanol has also been shown to reduce 
availability and alter the receptor function of brain-derived neurotrophic factors [8], and 
reduce the number of receptors for nerve growth factors [23], which could lead to 
impairment of intracellular signaling pathways that are responsible for controlling cell 
survival and death [14].   
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CHAPTER IV 
 
 
MATRIX METALLOPROTEINASES 
 
 Matrix metalloproteinases are enzymes that are important for the normal 
functioning of the brain and are also involved in the inflammatory response following 
injury or in neurological diseases [21].  Research has shown that MMP’s play a key role 
in angiogenesis, a process by which new blood vessels are synthesized [21].  It is known 
that matrix metalloproteinases degrade the extra cellular matrix therefore increasing 
blood brain barrier permeability [21].  The blood brain barrier is an important structure 
responsible for protecting the brain from toxins that may be floating freely within the 
blood stream along with other blood borne cells and proteins [38].  This structure is 
important because it is selectively permeable allowing molecules such as glucose to 
diffuse through, but blocks toxins from entering the central nervous system [24].  Matrix 
metalloproteinases, in particular, MMP-9 are responsible for cleaving the extra cellular 
matrix of astrocytes.  Astrocytes and endothelial are essential components of the blood 
brain barrier [2], so elevated levels of MMP-9 could compromise the integrity of the 
blood brain barrier and cause astrocytes to become more mobile.  MMP-9 is produced by 
astrocytes following an inflammatory stimulus [18].  As astrocytes are important for the 
integrity of the blood brain barrier, increases in MMP-9 could potentially be detrimental 
to the cell.  MMP-2 is also important to the integrity of the central nervous system 
because it also cleaves extracellular matrix molecules aiding in synaptic remodeling [27]. 
 MMP-2 and MMP-9 degrade gelatin so their lytic activity can be measured using 
gelatin zymography.  The astrocyte-conditioned media was fractioned on a 10% SDS 
polyacrylamide gel containing 0.1% gelatin.  The polyacrylamide gel was then incubated 
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Figure 4: MMP-9 lytic activity increases with 
LPS treatment in astrocytes derived from young 
adult female rats.  a=main effect of LPS; * 
indicates significant differences between treatments 
at p<0.05. Ethanol and LPS treatments are indicated 
by a (+) or (-).   p=positive; LPS=lipopolysaccharide 
(10mg/mL); EtOH = ethanol (70mg/dL)
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Fig 5.  MMP-9 lytic activity increases in 
astrocytes derived from reproductive senescent 
female rats. a=main effect of LPS, b=main effect of 
EtOH, c=interaction LPS x EtOH; * indicates 
significant differences between treatments at p<0.05.   
Ethanol and LPS treatments are indicated by a (+) or 
(-). p=positive; LPS=lipopolysaccharide (10mg/mL); 
EtOH = ethanol (70mg/dL) 
 
overnight at 25°C in developing buffer containing 50mM Tris, 0.2M NaCl, 5mM CaCl2, 
0.02% Brij 35.  Following the overnight incubation, the lytic activity was visualized by 
staining the gels with a 0.25% coomassie blue solution (50% methanol, 20% acetic acid) 
for 30 minutes and destaining in 20% methanol: 10% acetic acid until the bands were 
distinct.  The gels were dried, scanned and quantified using the Molecular Analyst 
Program (BioRad, CA). 
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Fig 6.  MMP-2 lytic activity decreases in 
astrocytes derived from reproductive senescent 
female rats.  LPS decreased MMP-2 lytic activity in 
the absence of ethanol, but had no effect on MMP-2 
in the presence of ethanol. c=interaction of LPS vs 
EtOH; * indicates significant differences between 
treatments at p<0.05. Ethanol and LPS treatments 
are indicated by a (+) or (-). p=positive; 
LPS=lipopolysaccharide (10mg/mL); EtOH = 
ethanol (70mg/dL)
 Data from this study revealed that LPS increased MMP-9 levels in the young 
adults (Figure 4) and reproductive senescent (Figure 5) astrocytes.  However, in 
reproductive senescent females, ethanol enhanced the LPS-induced increase in MMP9 in 
control treated cultures.  While the LPS increase in MMP-9 was expected, the ethanol 
enhanced increase in LPS induced MMP-9 was novel.  This suggests that ethanol might 
activate specific signaling pathways in the aging astrocyte.  This may be a consequence 
perhaps, of age-related changes in ethanol metabolism.  Further research will be needed 
to investigate these effects.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 MMP-2 activity was also determined by gelatin zymography using one 
modification of the above described procedure.  Since MMP-2 lytic activity is more 
abundant in astrocyte media, the volume of astrocyte-conditioned media was reduced to 
10μl for these assays.  The results from this analysis revealed that in young adult and 
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Fig 7.  MMP-2 lytic activity decreases in astrocytes 
derived from young adult female rats LPS decreased 
MMP-2 lytic activity in the absence of ethanol, but had 
no effect on MMP-2 in the presence of ethanol. 
c=interaction of LPS vs EtOH; * indicates significant 
differences between treatments at p<0.05. Ethanol and 
LPS treatments are indicated by a (+) or (-). p=positive; 
LPS=lipopolysaccharide (10mg/mL); EtOH = ethanol 
(70mg/dL) 
reproductive senescent females, LPS decreased MMP-2 production in the absence of 
ethanol.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 and 7 illustrates these effects.  While MMP-2 has been implicated in synaptic 
remodeling [27] very little research has been conducted on the lytic activity of MMP-2 
following and inflammatory event.  When taken into context, the LPS induced decrease 
in MMP-2 may shed some light on cell function when challenged with a stressor such as 
LPS.  At the time of injury, it may not be beneficial for the cell to divert energy to 
synthesize MMP-2 for synaptic remodeling. The cell may instead need to invest it energy 
into synthesizing MMP-9 in and effort to mobilize astrocytes to the site of injury.  This 
data suggests the possibility of a molecular switch within the central nervous system in 
response to injuries.  The present data also suggests ethanol prevents this switch and may 
therefore cause unnecessary expenditure of cell resources. 
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CHAPTER V 
 
 
CONCLUSIONS 
 
 Inflammation is a necessary process for the brain to fight infection or viruses and 
to remove cellular debris following injury [37].  The inflammatory markers analyzed in 
this study are necessary players in the inflammation signaling process of the central 
nervous system.  Prolonged inflammation caused by excessive production of nitric oxide 
or MMP-9, however, can lead to neurodegeneration [15].  It is important to note that in 
both treatment groups, young adult and reproductive senescent females, inflammation 
was successfully achieved with LPS treatment.  This was confirmed by the increase in 
nitric oxide and MMP-9 levels in control and ethanol-treated astrocyte cultures.  Among 
the two treatment groups, the reproductive senescent females were the most responsive to 
ethanol treatment suggesting that alcohol effects aged astrocytes differently than it affects 
young adults.   
 In our study, ethanol did not have a strong effect on the primary astrocyte cultures 
derived from young adult animals.  It is possible ethanol may be effecting these 
astrocytes in another way.  Astrocytes are important support cells that are responsible for 
maintaining the environment for surrounding neurons [3].  Astrocytes are responsible for 
maintaining synaptic repair [29], synaptic plasticity [29], regulation of the 
neurotransmitters L-glutamate and γ-aminobutyric acid (GABA) [3], and regulation of 
extracellular potassium and calcium concentrations [3].  Thus future studies will focus on 
the “repair” function of astrocytes.   
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 One of the most important functions of astrocytes is their participation in the 
permeability of the blood brain barrier [3].  The blood brain barrier consists of 
endothelial cells, astrocytic end feet and pericytes [2].  In this study, the LPS-induced 
increase in MMP-9 in senescent females was exacerbated by ethanol treatment.  The data 
suggests that ethanol treatment in turn could compromise the integrity of the blood brain 
barrier following an LPS insult by allowing the astrocytes to become more mobile.  
Increasing permeability of the blood brain barrier could leave the central nervous system 
vulnerable to infection and damage. 
The reported increase in MMP-9 with LPS treatment is consistent with other 
reports in the current literature (e.g. [18]).  However, in the aforementioned study, no 
change in MMP-2 expression was observed when the cultures were treated with LPS 
[18].  This contrasts with the findings of the present study.  However, these data are 
consistent with Wright et.al. (2003) where ethanol failed to regulate MMP-2 in the 
hippocampus and pre-frontal cortex [39]. 
The results from this study provide an important new avenue for research in the 
context of astrocyte function following and inflammatory stimulus.  All the present 
analysis was conducted on media from the astrocyte cultures harvested 24h following the 
initial insult with LPS.  Thus, this represents only a small window for astrocyte response 
to LPS and treatment.  The levels of NO and MMP’s reported here may be rising and 
falling during this time period.  It is possible that the peak ethanol effects of treatment on 
the cultures occur at another time point not examined in this study.  Future research will 
therefore need to focus on a range of time points of analysis. 
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Future studies should also take into consideration different doses of ethanol that 
correspond to clinically-relevant drinking patterns in the human population.  As pointed 
out earlier, the 70 mg/dL dose used in this study was used to model the blood alcohol 
content of a moderate social drinker [1].  Previously published reports by Blanco et.al. 
(2004 & 2005) and Davis & Syapin (2004) reported higher acute ethanol doses in order 
to generate an ethanol-related response via inflammatory markers [4,5,9].  It is possible 
that the ethanol dose used in this study was not significant enough to invoke the increases 
in inflammatory markers that were expected. 
 16
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